ABSTRACT: Scintillation light produced in liquid argon (LAr) must be shifted from 128 nm to visible wavelengths in light detection systems used for liquid argon time-projection chambers (LArTPCs). To date, LArTPC light collection systems have employed tetraphenyl butadiene (TPB) coatings on photomultiplier tubes (PMTs) or plates placed in front of the PMTs. Recently, a new approach using TPB-coated light guides was proposed. In this paper, we report on light guides with improved attenuation lengths above 100 cm when measured in air. This is an important step in the development of meter-scale light guides for future LArTPCs. Improvements come from using a new acrylic-based coating, diamond-polished cast UV transmitting acrylic bars, and a hand-dipping technique to coat the bars.
Introduction
Liquid Argon Time Projection Chambers (LArTPCs) hold great promise for the future of neutrino physics. These detectors are capable of providing unparalleled spatial resolution, enabling the detection of subtle differences in particle track structure that distinguish neutrino events from background. Current neutrino LArTPCs consist of time projection chambers (TPCs) several meters in cross section and many meters in length housed in a cryostat filled with ultra high purity liquid argon. Neutrino (and background) events produce charged particles that traverse and ionize the liquid argon. An applied electric field drifts ionization electrons to an anode plane over the course of a few milliseconds, where their charge and arrival time are read out by sense wires. In addition to ionization electrons, charged particles traversing the LAr produce vacuum ultraviolet (VUV) scintillation light, which has a nanosecond-scale fast component and a microsecond-scale slow component. This scintillation light can be used to trigger detector readout, determine the absolute drift time of non-accelerator events, reject cosmic backgrounds, and to complement charge-based event reconstruction. A major effort in the research and development (R&D) of such light collection systems is currently underway [1, 2, 3, 4] .
Scintillation light from charged particles in LAr is produced through two distinct processes [5, 6, 7] . The first of these processes is called self-trapped exciton luminescence. It involves the radiative decay of an excited argon dimer:
The second process is called recombination luminescence. It occurs when an ionized argon atom pairs with a neutral argon atom to form an ionized Ar + 2 molecule. This molecule then combines with a free electron to produce an excited dimer that subsequently decays:
In both cases, singlet and triplet states of Ar * 2 are formed with lifetimes of 6 ns and 1.6 µs, respectively. The decay of either state results in the emission of a 128 nm photon. This wavelength is in the vacuum ultra-violet (VUV) and cannot be observed directly by commonly used photodetectors such as PMTs. The challenge for light collection systems in LArTPCs is to develop efficient, inexpensive systems that respond to this VUV light.
One cost-effective approach is to use a flat-profile system based on light-guiding bars that are assembled into panels. These panels can be inserted into dead regions, such as the volume behind a TPC wire chamber located along the wall of the LArTPC cryostat, or in the dead region between two-sided TPC wire planes interspersed throughout the liquid. The former represents the proposed LAr1ND design [8] and the latter represents the proposed design for the LBNF detector [9] . The light guide bars operate by first shifting the wavelength of the 128 nm photons from the argon scintillation to a longer wavelength. This is done by a coating of TPB that, when excited, isotropically emits photons over a spectrum peaked around 425 nm. A portion of the reemitted light is then guided by total internal reflection to the ends of the bar. Here, one or more photon detectors, such as PMTs or SiPMs, detect the shifted light signal.
An initial proposal for a light guide-based system was presented in Ref. [1] . Since then, many improvements have been made in the light guide technology. Here we report on production techniques capable of achieving an attenuation length of 1 m, which is a substantial improvement over the original design. This is used as a benchmark for the quality of the bars. Improvements are attributed to the use of cast and diamond-polished bars in lieu of extruded bars; UV transmitting (UVT) acrylic rather than UV protected acrylic; an improved coating formula (provided below); and a dip-coating process in place of a hand-painting method for coating the bars. Many steps in the process of improving the light guides are reported in Ref. [10] . Here, we describe the outcome of this R&D campaign without discussing the intermediate steps.
Construction of the Light Guide Bars
Cast UVT acrylic sheets (Lucite UTRAN, Plastikolite Inc.) were laser-cut into bars measuring 20 × 1 × 1/4 and then diamond-polished on the sides and ends by Altec Plastics. We have observed visible crazing on the sides and ends of the polished bars covered with our wavelength shifting coating after immersion in LAr. This crazing is expected to lower the overall light output and shorten the attenuation length by introducing defects from which light in the bar will scatter. In order to reduce the amount of crazing, the bars are annealed after cutting/polishing and before coating with the wavelength shifter.
The bars are annealed using a Steinel HL 2010 E electronic heat gun which warms an insulated tube for 3 hours at 230 degrees Fahrenheit. The temperature is then stepped down in 10-degree increments every 10 minutes to 120 degrees. The bars are then removed and allowed 30 minutes to cool to room temperature. After this process is complete, the bars are wiped down on all surfaces with pure (azeotropic) ethanol and handled exclusively with nitrile gloves thereafter.
Coating with Wavelength Shifter
The wavelength shifting coating applied to the surface of the bars has evolved through many cycles of experimentation. The current formula contains four compounds: toluene, as a solvent; TPB, as a wavelength shifter; acrylic, as a binder; and ethanol, as a surfactant. Dissolving acrylic into the liquid solution allows the formation of a thin film consisting of a durable, clear layer of TPBrich plastic deposited on the surface of the bar. The ethanol is added as a surfactant, facilitating a smooth coat with minimal running or beading.
To produce one 60 mL batch of coating solution, 0.5 g of scintillation grade TPB (SigmaAldrich) is combined with 1.0 g of UVT acrylic pellets (Plastikolite) in 50 mL of ACS spectrophotometric grade toluene, and spun in an orbital shaker to dissolve overnight. Once the TPB and UVT acrylic are fully dissolved, 10 mL of pure ethanol is added, and the solution is again mixed for 10 minutes.
The coating solution is then poured into the dip coating vessel, shown in Fig. 1 . This vessel is a roughly elliptical tube measuring 51.4 cm in length, attached at the bottom to a stable base, and at the top to a wide lip to ease fluid transfer.
A clean bar is then inserted into the vessel, ideally displacing the coating solution to a height not more than a few centimeters short of the end of the bar. The solution should not reach the dry end of the bar, as this end is polished, and any chemical attack could scatter light that would otherwise exit the end of the bar into a photodetector. In the case of the bars presented in section 4.1, the soak time is 5 minutes. The bars are then quickly withdrawn from the solution and hung vertically by a clip from the dry end. They are left to air dry for a minimum of 30 minutes under a fume hood. Compared to a previous hand-painting method [1] , this dip-coating technique visibly improved the clarity and uniformity of the coating, as well as the scalability of the bar coating process.
Attenuation Length Measurements in Air
We measure the attenuation length of the coated acrylic bars in air at room temperature using a pulsed 286 nm (11.6 nm FWHM) UV LED. The LED is positioned at points along the bar by a computer-controlled stepper motor to an accuracy of ±3 mm. This uncertainty was measured by repeatedly deploying the LED to a given position and measuring the distance with a tape measure.
A 2" Hamamatsu R1828-01 PMT biased at -1980 V is positioned at one end of the bar and detects any emerging light. The entire apparatus was housed in a dark box with black walls to mitigate the effects of stray light. Figure 2 shows a picture of the setup.
Each LED run starts at the point nearest to the PMT and moves towards the far end of the bar. The PMT and LED are turned on 5 minutes prior to the acquisition and remain on for the duration of the run. At each point along the bar, roughly 60,000 PMT waveforms are recorded in coincidence with the LED pulse. After making one pass towards the far end of the bar, the LED moves back along the bar towards the PMT, repeating each measurement. The LED is pulsed at a constant intensity, pulse width (120 ns), and rate (1 kHz) from bar to bar, so these data can be used to extract the relative brightnesses as well as the optical attenuation lengths of each bar. In this way, we are able to benchmark the bars and examine the effects of variations in coating processes on bar quality. Readout of the PMT is performed using an 8-bit Alazar Tech ATS9870 digitizer. The ADC range is set to a total voltage scale of ±1 V, and a trigger is produced by a negative pulse with an amplitude that exceeds 130 mV. When a trigger is produced, 128 pre-trigger samples and 384 posttrigger samples are recorded at a sampling rate of 1 GS/s, leading to a total waveform spanning 512 ns.
Three sets of annealed, dip-coated, UVT bars were produced. The coating solution for each set came from a single batch of wavelength shifter divided into two volumes. For two of the batches, five bars were produced during which the bars in a batch were dipped successively in the same volume of solution without replenishment of the fluid. This was done in order to investigate the effect of repeated dipping on the total brightness and attenuation length of the bar. The first batch dipped in this manner is referred to here as "Set 1", and the second as "Set 2". The bars in the third set were set aside to compare the light output of each bar in both air and liquid argon, which will be described in subsequent work.
Attenuation Length and Extrapolated Zero Brightnesses
At each measurement location along the bar, the mean integrated charge is calculated from the recorded PMT waveforms by integrating over a 60 ns window after the readout trigger. The baseline is subtracted from this integral using an average amplitude from the pre-trigger region. Figure 3 shows an example charge distribution for one of the points. The mean charge as a function of the LED's distance from the end of the bar is used to calculate an attenuation length for each bar, found by fitting an exponential to the data. We see no evidence for a bias when measuring the attenuation length from the first or second pass of the LED, so both sets of data are fit simultaneously. The total uncertainty on each measurement of sets 1 and 2 is dominated by systematic uncertainty, and as such is approximated by the systematic uncertainty only. The systematic uncertainty comes from a long-term stability test to quantify the drift in the observed distributions over time. A coated bar was illuminated by the LED at 21.8 cm from the PMT for a period of 4 hours and 20 minutes with the ATS9870 digitizer input voltage range set to ±1V. Every 20 minutes, 60, 000 waveforms were acquired. The mean of each acquisition was calculated and is plotted in Figure 6 as a function of time elapsed. This plot, unlike the others, displays error bars for the statistical uncertainty only, which is given by
, where σ q is the root-mean-square of the charge distribution, and n is the number of waveforms recorded. The spread in the measurements is much larger than the statistical uncertainty. Therefore, the RMS about the weighted mean can be used as the systematic error on each of the measurements. This comes out to a fractional systematic uncertainty of σ f p = 1.01%, used for all charge measurements described here.
The best fit and the uncertainties coming from the fit for the attenuation length and PMT charge response extrapolated to 0 cm are given for each bar in Tables 1-2. Note that bar 1 of set 2 was damaged at the tip facing the PMT. Although this should not affect the attenuation length, it may affect the brightness to an unknown extent. The weighted mean attenuation length for sets 1 and 2 combined is µ = 112.3 ± 16.2 cm. The weighted mean extrapolated zero constant is µ = 879.0 ± 62.5 ADC·ns. These values are a marked improvement over the values from previous bars in [10] .
Orientation of the Bars
At the end of the dip coating process, the light guides are hung to dry after being withdrawn from the coating solution. Although the evaporation occurs quite quickly thanks to the volatility of toluene, it is possible that the cohesion of the liquid on the surface of the bar, in combination with gravity, drags the solution down the bar; the effect of which would be a coating thickness gradient along the length of the bar. Depending on the thickness scales involved and on the penetration depth of the UV light encountering the bar, such a gradient may cause a variation in light output as a function of excitation position that is separate from the effect of optical attenuation. In addition, surface losses occurring as light is guided are also expected to depend on the coating thickness, although this dependence is neglected in the following calculations.
The bars are measured with their uncoated ends facing the PMT, so the "bottoms" of these bars (bottom in the hang-drying orientation) are facing away from the PMT. This would imply that any Table 1 : Fit results of the measured PMT charge response a function of UV LED position for bars produced as a part of Set 1. The data is fit using an exponential function from which an attenuation length (λ ) and the extrapolated PMT charge response at 0 cm from the end of the bar (I 0 ) are estimated. Table 2 : Fit results of the measured PMT charge response as a function of UV LED position for bars produced as a part of Set 2. The data is fit using an exponential function from which an attenuation length (λ ) and the extrapolated PMT charge response at 0 cm from the end of the bar (I 0 ) are estimated.
thickness gradient present would increase in the direction of increasing distance. If the penetration depth of the incident UV light is greater than the minimum thickness, then this could cause higher light output at the far end of the bar, and improve the measured optical attenuation length. If the bar were reversed end to end and measured again, the effect should be reversed, causing a higher light output at the near end of the bar, and a concomitant reduction of the measured optical attenuation length.
Since the penetration depth of 286 nm light in UTRAN acrylic, O(0.1"), is much greater than our coating thickness, we studied the effect of any coating thickness gradients by measuring the attenuation length of a bar oriented both "forwards" and "backwards" in our setup. Here, we assume that fractional loss due to any scattering at the end of the bar facing the PMT when oriented backwards is the same for each LED position.
The results are shown in Figure 7 . The difference in the measured attenuation length and PMT charge response extrapolated to 0 cm between the bar oriented forwards and backwards in our setup are given as ∆λ and ∆I 0 , respectively. We measure a decrease in the attenuation length of 38.1 ± 1.4% for a bar oriented backwards with respect to a bar oriented forwards. This is consistent with a gradient in our coating thickness, which increases in the direction of gravity as the bars are hung to dry.
Effects of Repeated Dip Coating
If the production of these bars were to be scaled up, the process would need to be optimized for consumption of coating solution. To this end, dipping multiple batches of bars in the same solution would drastically reduce fluid consumption, while speeding the production process. As can be seen in Tables 1-2, 9 out of 10 of the bars in sets 1 and 2 were measured to have an attenuation length that surpassed a benchmark value of >1 m though we do see a substantial variation in the measured attenuation lengths. We tested whether this variation could be attributed to a contamination or degradation of our coating solution when reused for multiple bars by plotting the responses of the two sets of 5 bars discussed above with ordering information.
We find that there is no evidence of (monotonic) dependence of the PMT charge response extrapolated to 0 cm (the "extrapolated zero brightness" or EZB) or attenuation length on the number of repeated dips, up to 5 consecutive dips. The attenuation length and EZB are shown in Fig. 8 for each bar in the order in which they were dipped. There is no clear trend.
Conclusion
Improvements to the production of TPB-coated light guides suitable for LAr scintillation light detection in neutrino LArTPCs were described, in which a novel TPB solution is applied to a cast UVT acrylic bar using a hand dip-coating method. The attenuation lengths of TPB-coated light guides were studied in detail with a 286 nm LED in the lab. The measured attenuation lengths extend above 100 cm, which is a notable improvement over previous work and achieves an important benchmark in the development of meter-scale light guides for future LArTPC light collection systems currently being designed.
